The present studies examined performance of SAPK cascades and apoptotic commitment following ribosomal trauma in REH lymphoid leukemia cells. Ribostatic insults included disruption of ribosomal activity by mechanistically dissimilar agents such as blasticidin-S (BCS) (which binds 28S-rRNA to block peptidyl bond formation), kasugamycin (KSM) (which binds 18S-rRNA to prevent translational initiation), and cycloheximide (CHX) (which blocks A-site to P-site translocation of peptidyl-tRNA). Exposure of REH cells to BCS elicited DNA degradation and apoptotic cytolysis. BCS stimulated JNK1/JNK2 and p38, and their shared targets c-Jun and ATF2. Inhibition of JNK1/JNK2 (but not of p38) antagonized blasticidin-induced apoptosis, whereas targeting alternative ribosomal sites with KSM or CHX limited translation, but failed to activate the SAPK cascade or initiate apoptosis. Our findings indicate that interference with 28S-rRNA by BCS initiates apoptosis in REH cells through recruitment of SAPK-JNK signaling. Disparities between the lethal actions of BCS, KSM, and CHX appear to reflect established differences in the subribosomal targets of these agents. We propose that the SAPK cascade comprises an essential mechanism for the transduction of specific lethal stress signals emanating from active ribosomes, and that interference with the 28S-rRNA, rather than the peptidyl transfer center of the large subunit, is critical to apoptotic commitment.
Introduction
Numerous lines of evidence suggest that an array of distinct pathways are engaged upon structural disturbances in complex subcellular elements such as the cytoskeleton, or following irreversible damage to specific organelles, including the Golgiendoplasmic reticular network, or mitochondrion. [1] [2] [3] An appreciation for a separate and specific ribosomal stress response pathway has emerged with the recent demonstrations that traumatic interference with active polyribosomal complexes by specific ribosomal insults constitutes a sufficient stimulus for the recruitment of the stress-activated protein kinase (SAPK). 4 A ribosomal stress response can be elicited by either ribotoxic stressors (which result in ribosome damage) or ribostatic stressors (which result in ribosome inactivation or 'stalling'), events which, in most instances, culminate in apoptosis. 5 It is currently unclear, however, whether the influence of a single stress pathway underlies the cell's commitment to apoptosis in response to all forms of ribosomal perturbation. In addition, little attention has been focused on the specificity of the ribosomal insult with respect to the targeted rRNA subspecies. Thus, while the rapid recruitment of the SAPK has been described in the cellular response to various forms of ribosomal trauma, [4] [5] [6] [7] [8] [9] [10] it nonetheless remains to be determined whether SAPK-driven signals directly promote apoptotic commitment following severe ribosomal compromise. Moreover, the requirement of specific ribosomal subunits and/or rRNA subspecies in the initiation of apoptosis has not been established.
Iordanov and colleagues have eloquently described activation of SAPK signaling in response to several aminohexose pyrimidine nucleoside antibiotics (APNAs) such as blasticidin-S (BCS) and anisomycin (ANM). 4, 7 In contrast to agents that catalyze rRNA catalysis, APNAs elicit ribosomal stress through suppression of ribosomal activity by inhibition of the peptidyltransferase process through binding to the 28S-rRNA. 4 At present, however, the role of SAPK in the lethal responses to APNAs is uncertain.
The present investigations were therefore undertaken in the human pre-B-lymphoid leukemia cell line REH to assess the respective roles of the large and small ribosomal subunits as well as the distinct SAPK signaling modules involved in the initiation of apoptosis by selective ribostatic stress. In addition, the current findings also extended the scope of existing studies to include a potentially specific role for the peptidyl transferase center within the 60S subunit in the recruitment of SAPK signaling. To this end, three highly selective antibiotics were used: BCS, cycloheximide (CHX), and kasugamycin (KSM). Both BCS and CHX target the large ribosomal subunit, blocking protein synthesis at the level of peptide bond formation and translocation, respectively. KSM selectively binds to the 18S-rRNA, interfering with tRNA binding at the peptidyl site of the 40S ribosomal subunit. We find that BCS potently elicits apoptosis via a classical intrinsic commitment program requiring caspase-9 and -3. Furthermore, rapid recruitment of multiple SAPK activities is associated with the downstream actions of BCS in REH cells. Our results demonstrate that cytotoxic signaling through the c-Jun N-terminal kinases (JNKs) JNK1 and JNK2 is essential for the transduction of blasticidin-driven lethal stress signals emanating from active ribosomes, while signaling through the so-called 'reactivating kinase' p38 represents a nonessential, perhaps secondary, response. In contrast, KSM and CHX fail to engage the SAPK activities and instead appear to promote cell death through a latent necrotic (rather than an apoptotic) pathway. The implications for tumoricidal interventions targeting ribosomal activity are discussed.
Materials and methods

Reagents
The antibiotics BCS, ANM, and naramycin-A (cycloheximide; CHX) were obtained from Sigma Chemical Co.; KSM was obtained from Biomol. BCS, KSM, and ANM were dissolved in sterile water; CHX was dissolved in sterile dimethylsulfoxide. All antibiotics were prepared at initial stock concentrations of 100 mM and stored at 41C. The anthrapyrazolone JNK inhibitor SP-600125 and the pyridinylimidazole p38 inhibitor SB-203580 (both from Calbiochem) were dissolved in sterile dimethylsulfoxide at an initial concentration of 10 mM and stored at À201C.
Cell culture
The human pre-B-cell lymphoid leukemia cell line REH (obtained from the American Typed Culture Collection) was grown in complete RPMI-1640 medium (phenol red-free formulation, supplemented with 10% heat-inactivated fetal bovine serum). Cultures were maintained under a humidified atmosphere of 95% room air, 5% CO 2 , at 371C. REH cell cultures were passed twice weekly and exhibited a doubling time of B24 h. Cell densities were determined by Coulter particle counter, and basal cell viability was assessed by vital dye exclusion.
Test exposures
All experimental incubations were performed as described previously.
11 Cells were exposed to test agents for appropriate intervals in complete medium; loss of cells under these conditions caused by either washing or cell adherence was negligible (p5%). Test incubations were terminated with gentle pelleting of the cells by centrifugation at 400 g for 10 min at 41C; in some instances, aliquots of medium were retained for direct assay of released DNA. After determination of cell density, cells were pelleted and prepared as outlined below for specific analytical procedures.
Cytological characterization of apoptosis
Pelleted cells were resuspended in PBS and fixed in cytocentrifuge preparations according to a slight modification of the established procedures. 12 For visualization of apoptotic morphological alterations, fixed cells were stained robotically with 20% conventional May-Grü nwald-Wright-Giemsa composite pigments. At least three 100-cell fields were scored for each treatment by light microscopy at Â 40 magnification by assessing the expression of cytoarchitectural characteristics of apoptosis (ie, condensed nucleoplasm and cytoplasm, formation of membrane blebs, karyolytic degeneration of the nucleus into apoptotic bodies, and overall cell shrinkage). For visualization of apoptotic DNA damage, fixed cells were manually (a) treated with ethanol-acetic acid (2:1, v/v) at 201C for 5 min, (b) stained for broken DNA by treatment with terminal deoxynucleotidyl transferase (TdT) in the presence of fluorescein isothiocyanate (FITC)-dUTP label (Molecular Probes) at 371C for 60 min, and (c) counterstained for intact DNA with 0.01% propidium iodide in sodium citrate at 201C for 10 min. At least five 50-cell fields were scored for each treatment by fluorescent microscopy at Â 100 magnification by assessing increased direct fluorescence of end-labeled double-stranded DNA.
Assessment of de novo protein synthesis by metabolic radiolabeling
In preparation for metabolic protein radiolabeling, cells were pelleted and resuspended in serum-free RPMI/met-free medium and maintained at 371C for 90 min to allow depletion of intracellular free methionine. Metabolite-deprived cultures were exposed to individual test agents, and then immediately pulsed with met-cys express probe (1-2 mCi/ml; New England Nuclear). Triplicate samples (10 6 cells) were withdrawn at each time point and pelleted by centrifugation at 800 g for 10 min at 41C. The medium was aspirated and discarded, and metabolic radiolabeling was terminated by the addition of 750 ml trichloroacetic acid (10%, w/v); following four consecutive washes in 500 ml trichloroacetic acid (5%, w/v), insoluble protein residue was recovered in 250 ml acetic acid (88%, w/v) and dissolved by gentle reflux mixing. Restricted (200-ml) aliquots of each sample were diluted in aqueous fluor (4 ml), and the radioactivity in sample was determined by conventional liquid scintillometry.
Fluorometric in vitro assay of caspase activities
Lysates were prepared from pelleted cells as described previously. 13 Lysates were diluted in PBS containinig dithiothreitol (10 mM) and spiked with isoform-specific caspase substrates conjugated to either 7-amino-4-methylcoumarin (AMC) or 7-amino-4-trifluoromethylcoumarin (AFC) fluorophores (259 mM); LEHD-AMC, IETD-AFC, or DEVD-AFC was used to detect caspases -8, -9, or -3, respectively. After incubation for 30 min, fluorophore release was monitored by direct fluorescence (l ex ¼ 380 nm; l em ¼ 460 nm).
Quantitative analyses of apoptotic DNA degradation
The formation and release of DNA fragments and the corresponding breakage of bulk DNA were assessed by bisbenzimide spectrofluorophotometry as described previously. [14] [15] To measure intracellular DNA fragments, pelleted cells (4 Â 10 6 cells/pellet in quadruplicate) were resuspended in PBS and lysed by the addition of 5 mM Tris Á HCl, 30 mM EGTA, 30 mM EDTA, and 0.1% Triton X-100, pH 8.0 (yielding a final density of 10 7 cells/ml), with gentle mechanical agitation. The lysates were centrifuged at 30 000 g at 41 for 40 min. To measure extracellular DNA fragments, aliquots of incubation medium were adjusted to 5 mM Tris Á HCl, 30 mM EGTA, and 30 mM EDTA, pH 8.0, and centrifuged at 20 000 g at 41 for 40 min. The pellets were discarded, and the presence of nonsedimenting DNA fragments in the supernatant from lysate and medium extracts was quantified after dilution in modified Tris-sodium/ EGTA buffer (3 mM NaCl, 10 mM Tris Á HCl, 1 mM EGTA, pH 8.0) by spectrofluorophotometry in the presence of Hoechst 33258 (1 mg/ml; l ex ¼ 365, l em ¼ 460). Net fluorescence was directly proportional to the presence of DNA fragments; final values were calculated relative to highly purified calf thymus DNA calibration standard and are expressed as ng/mg of DNA recovered or released from 10 6 cells. To measure the corresponding loss of integrity of bulk DNA, pelleted cells (8.25 Â 10 6 cells/pellet in quadruplicate) were resuspended in cold PBS and subjected to timed alkaline denaturation in 0.1 N NaOH; denaturation was terminated by neutralization in 0.1 N HCl. Cells were then further diluted in PBS and lysed by the addition of 200 mM K 2 HPO 4 , 50 mM EDTA, and 0.16% Nlauroylsarcosine with brief sonication. Damage to bulk DNA in cell lysates was quantified by spectrofluorophotometry in the presence of Hoechst 33258 (l ex ¼ 350, l em ¼ 450). Net fluorescence was inversely proportional to introduction of strand breaks; final values were standardized against graded DNA strand breakage induced by scaled irradiation from a defined point source (30-3000 rad) and are expressed as rad-equivalents.
Indices of SAPK activation
Pelleted cells were rinsed in PBS, repelleted, and then flashfrozen. For assessment of SAPK and mitogen-activated protein kinase (MAPK) phosphorylation, cell pellets were resuspended in 1 Â Laemmlis's buffer containing protease and phosphatase inhibitors, briefly sonicated, and boiled for 10 min; lysate samples were then resolved on 12% polyacrylamide gels. Proteins were then transferred onto nitrocellulose membranes and washed in TBST. Membranes were sequentially (a) blocked in TBST containing 5% nonfat dry milk for 1 h at 221C, (b) exposed to primary antibody (phosphorylated and nonphosphorylated antibodies to p44-ERK2/p42-ERK1, p54-JNK1/p46-JNK2, p38, c-Jun, and ATF2) (Cell Signaling) at 41C overnight, (c) washed in TBST, (d) exposed to secondary antibody (goat anti-mouse or goat anti-rabbit) (KPL) at 221C for 1 h, and (e) washed again in TBST. Proteins were visualized by enhanced chemiluminescence; relative intensity in each band was quantified by radioautography and digital scanning densitometry. The values are expressed as a percentage of untreated control. For direct immune complex assays, cell pellets were thawed and lysed in 25 mM HEPES, pH 7.4, containing 5 mM EGTA and 5 mM EDTA, supplemented with protease inhibitors (5 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1 mg/ ml soybean trypsin inhibitor, 40 mg/ml pepstatin 40 mg/ml chymotrypsinogen, 40 mg/ml E64, 40 mg/ml aprotinin, 1 mM microcystin L/R), phosphatase inhibitors (0.5 mM trisodium orthovanadate, 0.5 mM tetrasodium pyrophosphate), and containing 0.05% sodium deoxycholate (w/v), 1% Triton X-100 (v/v), and 0.1% 2-mercaptoethanol (v/v). Lysates were clarified by centrifugation at 5000 g at 41 for 5 min. Specific terminal SAPK kinases were immunoprecipitated from clarified lysates with protein A/agarose-conjugated antibodies (Santa Cruz), and activities were determined as described previously. 12 MAPK activity was assayed after immunoprecipitation of p42-ERK1/ p44-ERK2 using MBP as substrate. Preimmune controls were also run to ensure selectivity of substrate phosphorylation. Reaction mixtures consisted of immunoprecipitated enzyme, substrate, and [g-32 P]ATP (5000 Ci/pmol) in 25 mM HEPES, pH 7.4, containing 15 mM MgCl 2 , 100 mM trisodium orthovanadate, 0.01% (v/v) 2-mercaptoethanol, and 1 mM microcystin L/R. Reactions were initiated by the addition of substrate and allowed to proceed for 20 min at 271C. Reactions were terminated by transfer to 10% polyacrylamide gels; phosphorylated products were resolved by electrophoresis, and appropriate bands were excised. Total radioactivity in each band was then determined by liquid scintillometry.
Results
BCS and apoptotic cell death
The relative apoptotic potential of two mechanistically unrelated ribostatic agents was compared in initial studies. Exposure of the human pre-B-lymphoid leukemia cell line REH to the lethal antibiotic BCS (150 mM) for 6 h resulted in the extensive induction of apoptotic cell death. The appearance of cytoarchitectural alterations consistent with apoptosis (ie, condensation of both nucleoplasm and cytoplasm, emergence of membrane blebs, karyolytic degeneration of the nucleus into apoptotic bodies, and overall cell shrinkage) was demonstrated by light microscopy ( Figure 1 ). In addition, the occurrence of apoptotic DNA degradation was confirmed by fluorescence microscopy following end-labeling of double-stranded DNA breaks by terminal transferase (Figure 1 -inset) . Apoptosis was evident in X85% of the treated cell population at 9 h. In contrast, parallel treatment of REH cells with KSM failed to elicit apoptosis, leaving treated cells virtually unaltered ( Figure 1) ; in related trials, CHX was also ineffective in eliciting apoptosis (data not shown). However, at longer intervals (eg, 24 h), cytological examination revealed that the entire cell population succumbed to necrotic cell death (data not shown). Collectively, these observations indicated that the effects of ribotoxic stress on apoptotic commitment and proliferative capacity are dissociable. Throughout these trials, BCS actions were closely mimicked by anisomycin (data not shown). The responses to BCS and KSM were further characterized with respect to apoptotic DNA degradation by bisbenzimide spectrofluorophotometry. Blasticidin robustly promoted both the accumulation of double-stranded DNA fragments (Figure 2a ) and the introduction of double-stranded breaks into bulk DNA (Figure 2b) . Consistent with the TUNEL assay results discussed above, however, KSM failed to promote apoptotic DNA degradation discernibly, as did CHX (data not shown).
Translational suppression by BCS
Additional studies characterized the effects of acute ribostasis ( Figure 3) . Exposure of REH cells to BCS (150 mM) for 0-90 min resulted in suppression of translational function. Metabolic radiolabeling of total cellular protein in BCS-treated cells was potently suppressed (by X82%) within 30 min as compared with untreated controls, and remained restricted over the subsequent 60 min; similar restrictions of de novo protein biosynthesis were obtained using the lethal antibiotic anisomycin (data not shown). Interestingly, radiolabeling of cellular protein was also potently suppressed by KSM (150 mM; by 87%), despite the lack Figure 1 BCS-induced apoptosis in REH cells -cytology. REH cells were exposed to either BCS (150 mM) or KSM (150 mM), or were left untreated (con) for 9 h as indicated. Cytocentrifuge preparations of fixed cells were examined by light microscopy following automated staining with conventional May-Grü nwald-Wright-Giemsa reagents, or fluorescence microscopy following manual staining with FITCdUTP in the presence of TdT (inset images), as outlined in Materials and methods. Apoptotic indices are also presented. Results shown are from a representative experiment performed three times with comparable outcomes.
of cytotoxicity associated with this compound as described above (Figure 3) . In parallel trials, exposure of REH cells to CHX (150 mM) resulted in even greater translational inhibition (by X95%) throughout the entire exposure interval (data not shown).
Caspase activation by BCS
BCS cytotoxicity was also examined in terms of proximal apoptotic commitment events. Treatment of REH cells with BCS (150 mM) for 0-9 h demonstrated progressive, time-dependent increases in specific activities of the initiator caspase-8 and -9 ( Figure 4a) ; although stimulation of caspase-9 was much more pronounced than that of caspase-8, both activities ran in parallel, attaining maximum intensity at 6 h. These responses were accompanied by a dramatic stimulation of the executioner caspase-3 (Figure 4b ), which also peaked at 6 h. Brief pretreatment of REH with broad-spectrum caspase inhibitors (z-VADfmk, BOC-fmk; data not shown) completely prevented apoptosis, as did the selective caspase-3 synthetic peptide inhibitor DEVD-fmk (data not shown). Selective inhibition of caspase-9 with the selective inhibitor LEHD-fmk virtually eliminated BCSrelated caspase-3 activity and abrogated the induction of apoptotic cell death ( Figure 5a, b) ; in contrast, parallel inhibition of caspase-8 by IETD-fmk failed to limit significantly the activation of caspase-3 or induction of apoptosis. Comparable observations were obtained using anisomycin (data not shown). Taken together, these observations confirmed that the response to BCS was dependent upon the conventional intrinsic (mitochondrially gated) pathway for apoptotic commitment.
Recruitment of the SAPK cascade by BCS
Subsequent studies determined the relative capacities of ribostatic agents to engage cytotoxic stress signaling pathways. Detailed time course studies demonstrated that BCS elicited the Figure 2 Blasticidin-induced apoptosis in REH cells -DNA degradation. REH cells were exposed to either BCS (150 mM) or KSM (150 mM) as before. Quantitative analyses of apoptotic chromatin degradation were performed as described in Materials and methods. activation of multiple SAPK signaling modules (Figures 6, 7) . Exposure to BCS (150 mM) for 0-9 h stimulated the phosphorylation and intrinsic activity of the c-Jun N-terminal kinases p54-JNK1/p46-JNK2. Increased activity of JNK1/JNK2 was detectable within 5 min and exhibited a biphasic profile; activity was maximal at 15-30 min (by X7-fold), and partially declined thereafter (to B2.5-fold). While the appearance of phosphorylated JNK and the onset of detectable in vitro JNK activity followed parallel courses, the kinetic profiles of these different indices of SAPK recruitment correlated only indirectly, as widely noted in other laboratories; this likely reflects substantial differences in the relative thresholds for detection inherent in conventional Western blotting procedures and in vitro immune complex assays. Corresponding assessment of the related SAPK p38 revealed a much slower but progressive increase over the span of the treatment interval. The intensity of the c-Jun and ATF2 induction was found to be even more pronounced in chronic BCS exposures (Figure 7) . Kinase activation correlated directly with sequential increases in the phosphorylation and expression of the AP1 cohort proteins c-Jun and ATF2 ( Figure 7) ; as both transcription factors can represent primary targets for lethal SAPK outflow, these findings were potentially consistent with the involvement of AP1-driven transactivation downstream of JNK1/JNK2 and p38. In sharp contrast, exposure of REH cells to KSM (150 mM) failed to elicit either JNK-c-Jun or p38-ATF2 responses (data not shown). CHX (150 mM) was similarly ineffective in recruiting the SAPK cascade (data not shown). Under these conditions, there were no discernible changes in either phosphorylation or activity of the MAPK enzymes p42-ERK1/p44-ERK2 with either BCS or KSM (data not shown). Collectively, these findings suggested a fundamental difference in the respective forms of ribosomal stasis induced by BCS and KSM. BCS-induced activation of apoptotic proteases. REH cells were exposed to BCS (150 mM) for 0-90 min. Activities of the initiator enzymes caspase-8 and caspase-9 (m.; panel a) and the executioner enzyme caspase-3 (E; panel b) were then monitored by in vitro fluorometric assay using selective fluorescently labeled substrates as described in Materials and methods. Data represent triplicate determinations, and are expressed in terms of total specific activity. The data shown are from a representative experiment performed three times with comparable results; values reflect the mean7s.e.m. of triplicate determinations.
Figure 5
Abrogation of BCS lethality by selective caspase inhibition. REH cells were exposed to BCS (150 mM) for 6 h in the absence or presence of the caspase-8/-9 inhibitors LEHD-fmk and IETD-fmk respectively. BCS-related caspase-3 activity was determined by in vitro fluorometric assay (a), and apoptotic cell death was assessed cytologically (b).
Disruption of SAPK signaling and blockade of ribostasis-induced cell death
Pharmacological interference with distinct SAPK modules supported a functional contribution of stress signaling pathways to BCS-related ribotoxicity in REH cells (Figure 8 ). Blockade of JNK1/JNK2 activity by the selective anthrapyrazolone inhibitor SP-600125 suppressed c-Jun recruitment, and dramatically attenuated induction of apoptosis by BCS; conversely, blockade of p38 activity by the selective pyridinylimidazole inhibitor SB-203580 suppressed ATF2 recruitment, but failed to limit BCS toxicity appreciably. Control studies confirmed the selectivity of the actions of these inhibitors toward their target kinases in vitro (data not shown). Moreover, induction of cell death by anisomycin was similarly compromised by SP-600125, but not by SB-203580 (data not shown). From these findings, it was concluded that BCS lethality absolutely requires intact performance of SAPK-JNK signaling, whereas signaling via p38 appears not to participate in commitment to apoptotic cell death.
Activation of PKR by BCS
A final series of studies examined the phosphorylation and consequent activation of the dsRNA-activated protein kinase (PKR) in response to BCS. Treatment of REH cells with BCS over a 9-h period stimulated the phosphorylation of PKR, with maximum increases occurring between 1 and 2 h (Figure 9) . Decreases in the expression of total PKR protein were evident in BCS-treated cells within as little as 3 h, with subsequent protein degradation occurring by 6 h. Parallel treatment of cells with CHX resulted in only a modest increase in PKR phosphorylation over similar time intervals, while decreases in the amount of total PKR protein were not observed (data not shown), reflecting SAPK cascade response to chronic BCS treatment. REH cells were exposed to BCS (150 mM) for 0, 3, 6, and 9 h. Phosphorylation of specific SAPK cascade signaling elements was then assessed by Western analysis as before. The relative presence of immunoreactive phosphorylated JNK1/JNK2 and p38 (a) and availability of the SAPK substrates c-Jun and ATF2 (b) are depicted. The data shown are from a representative experiment performed three times with comparable results; quantitative values reflect the mean7s.e.m. of triplicate determinations.
Figure 8
Attenuation of BCS-induced cytotoxicity by selective pharmacological interference with SAPK-JNK signaling. REH cells were exposed to BCS (150 mM) or left untreated (con) for 9 h in the absence or presence of either the JNK-selective inhibitor SP-600125 or the p38-selective inhibitor SB-203580. The data shown are from an experiment performed three times with comparable results.
the previously determined absence of cell death associated with CHX treatment. These results suggested that while activation of PKR may represent a common signaling event associated with acute ribosomal perturbation, differences in the magnitude of phosphorylation could suggest a potential link between PKR signaling and apoptotic commitment.
Discussion
A complex array of regulatory systems governing cell survival and cell death is now recognized as an essential aspect of cell biology in metazoan organisms. 1, 3 The present findings demonstrate that specific ribosomal targeting is associated with recruitment of the SAPK-JNK cascade and subsequent engagement of the intrinsic caspase-9-caspase-3 pathway for apoptotic commitment. SAPK activation was shown to be critical to the induction of apoptosis by BCS. These data support a central role for 28S-rRNA in the initiation of an apoptotic response following ribosomal insult and suggest that mere interference with the peptidyl transfer reaction is not, by itself, sufficient to initiate programmed cell death in REH cells.
Several lines of evidence have demonstrated specific modes of response to distinct organellar stresses in mammalian cells. [2] [3] [4] Of particular relevance here is the recent appreciation of a proapoptotic signaling cascade that is mounted upon the onset of selective ribosomal trauma. Numerous reports have described engagement of multiple SAPK cascade modules following interference with the 28S-rRNA residing within the large ribosomal subunit. Such ribosomally directed insults include (a) sequence-specific damage to the sarcin/ricin loop (SRL) in ribosome domain VI by ribotoxic enzymes (eg ricin-A, asarcin), 5 (b) noncovalent stabilization of the peptidyltransferase ring (PTR) in ribosome domain V by ribostatic antibiotics (eg BCS, anisomycin), 5, 10 or (c) widespread structural lesions accumulating throughout the SRL and PTR regions by shortwavelength ultraviolet (UVB, UVC) radiation. 6, 8 The stress responses arising from these stimuli can only be elicited from translationally active ribosomal complexes. 4 Perturbation of quiescent ribosomal complexes or stabilization of active ribosomes in regions other than the SRL and PTR regions fails to trigger apoptotic initiation.
Ribotoxin-mediated damage to the 28S-rRNA is widely associated with the generation of stress signals. 16 It has been shown that exposure to enzymatic ribotoxins such as ricin-A/B and a-sarcin evokes profound increases in SAPK-JNK activity in Rat-1 fibroblasts. 5 Additionally, a number of established inhibitors of the eucaryotic peptidyl transferase reaction have been examined with respect to their ability to elicit SAPK-JNK activation. 4, 7, 8, 10 The primary emphasis of these studies has been the dissection of the SAPK-JNK response with respect to the inhibition of protein synthesis. Despite these close correlations, however, there is scant evidence addressing a putative relationship between the onset of a given ribosomally directed stress and SAPK-driven commitment to apoptosis. Furthermore, there exists very little information on the potential use of ribotoxic/ribostatic stressors as an alternative or supplement to traditional pharmacotherapies for cancer. The current studies represent one of the only systematic appraisals of ribostasis as a proapoptotic stress in malignant human lymphoid cells.
We find that, in REH lymphoid cells, the onset of ribostasis by BCS elicits apoptotic cell death through a mitochondrially gated mechanism. A requirement for caspase-9 in this process was demonstrated through the use of synthetic tetrapeptide inhibitors. Blasticidin-induced cell death was effectively mitigated by LEHD-fmk, which exhibits weighted selectivity toward caspase-9, but unaffected by IETD-fmk, which possesses a corresponding efficacy toward caspase-8. Although the relative selectivities of these agents are admittedly imperfect, these responses, together with parallel in vitro measurements of caspase-3 activity, were nonetheless consistent with the so-called intrinsic pathway for apoptotic commitment.
Conventional stress signaling systems clearly underlie ribostasis-related cell death. Blasticidin promoted activation of the terminal SAPK activities JNK and p38, as well as recruitment of their mutual targets c-Jun and ATF2. As both transcription factors represent primary targets for lethal SAPK outflow, these findings were potentially consistent with a critical involvement of AP1-driven transactivation in ribosomally driven cell death. Further characterization of the response to APNAs revealed that ribostasis-induced cell death involved phosphorylation and enhanced expression of c-Jun, and, ultimately, the rapid and extensive induction of apoptotic cell death; in contrast, ATF2 expression was not appreciably enhanced under these conditions. Moreover, the cytotoxic influence of BCS was effectively mitigated through inhibition of JNK by the anthrapyrazolone SP-600125, 17 but not through inhibition of p38 by the pyridinylimidazole SB-203580, 18 suggesting a direct requirement for JNK1/JNK2 (but not for p38) in ribostatic commitment to apoptosis. In contradistinction, we find that the induction of ribostasis by CHX fails to engage the SAPK-JNK cascade, is without effect on c-Jun or ATF, and promotes the induction of necrotic (rather than apoptotic) cell death. This is entirely consistent with the results from numerous studies in which cytotoxic stimuli exhibit dissimilar requirements for JNK1/JNK2 and p38 signaling in apoptotic commitment. For example, we have previously described the parallel recruitment of both JNK1/ JNK2 and p38 during the induction of apoptosis in myeloid leukemia cells (eg, HL-60, U937) by the cytotoxic sphingolipid messengers ceramide and sphingosine. 12, 13 Nonetheless, selective pharmacological and/or molecular interference with these terminal stress kinases demonstrated that ceramide lethality is (a) critically dependent upon signaling through JNK and targets for JNK outflow (eg, c-Jun and AP1-driven transactivation), 11, 13 but (b) essentially independent of signaling by p38. 12 Likewise, recent reports have described a requirement for JNK/SAPK, but not p38 in both mitoxantrone-and anisomycin-induced apoptosis in HL-60 promyelocytic leukemia cells. 19 These findings, however, can also be viewed in the light of previous reports characterizing p38 as an important mediator in the production of proinflammatory and/or pyrogenic cytokines (eg, IL-6, IL-1b, and TNFa). [20] [21] [22] Together with the observed disparities between JNK1/JNK2 and p38 signaling in apoptotic commitment, it may be that p38 represents a signal for priming an apoptotic response rather than subserving a role as a direct throughput apparatus in the initiation of cell death. Taken together, these results indicate that activation of p54-JNK1/ Figure 9 Recruitment of PKR by BCS. REH cells were exposed to BCS (150 mM) for 0-9 h as indicated. Both PKR autophosphorylation and steady-state levels of PKR protein were assessed by parallel Western analyses. The data shown are from an experiment performed four times with comparable results.
p46-JNK2 represents an essential selective proapoptotic signal engaged by the ribosomal complex stalled postinitiation rather than a generalized event associated with cell death in response to ribosomally gated stress cascades.
The ribostasis-induced apoptotic responses described in this report provide a strong conceptual basis for the potential application of ribosomally directed approaches to new antineoplastic therapies. Indeed, a variety of ribosome-targeted tumoricidal paradigms are already under exploration in clinical settings. 23 With respect to outright ribotoxic tumoricidal strategies, several highly selective immunotherapies based upon targeted ribotoxicity have emerged exploiting ribotoxin-conjugated antibodies directed against tumor-specific cell surface proteins in both hematopoietic and nonhematopoietic neoplasms; 16 of particular relevance to the present discussion are demonstrations of profound apoptotic killing associated with selective antibodies conjugated to ricin-A or ricin-B in B-cell and/or pre-B-cell lymphoid malignancies, [24] [25] [26] as well as in several myeloid malignancies. 27 It is reasonable to suppose, therefore, that analogous approaches making use of sarcinconjugated antibodies presumably will provide similar therapeutic advantages.
Similarly, compelling evidence has appeared to support the use of single-agent pharmacotherapies based upon general ribotoxicity (eg, onconase). 16 With respect to ribostatic strategies, experimental combination pharmacotherapies have also been advanced based upon targeted ribostasis (eg, cisplatinzeloda, followed by anisomycin). 28 In addition, our findings have meaningful implications in terms of general cell biology. The consequences of ribotoxic and ribostatic stresses appear not to differ mechanistically; 5, 7 specifically, the acute induction of cell death by agents with either ribotoxic (eg, ricin-A, a-sarcin) or ribostatic (anisomycin, or APNAs such as BCS) potential is uniformly associated with recruitment of the SAPK cascade. 5, 10 We find that pharmacological interference with signaling through JNK (but not p38) abrogates BCS-induced apoptosis in REH cells, strongly suggesting that this terminal kinase element represents an absolute requirement for ribostasis-induced cell death in lymphoid neoplasms. Thus, we propose that exploitation of this pathway could provide an avenue for the use of specific antibodies conjugated to BCS or other ribostatic APNAs to permit highly selective targeting of a given hematopoietic neoplasm without resort to the use of frank ribotoxic agents such as ricin-A or a-sarcin.
In conclusion, it should be noted that the ultimate commitment process underlying APNA-induced apoptosis in lymphoid malignancies remains uncertain. Clearly, recruitment of the SAPK-JNK cascade represents an obligatory lethal signaling event. In addition, preliminary findings from this laboratory suggest the participation of an alternative, or perhaps complementary, mechanism involving the activation of PKR, as proposed by others. 29, 30 PKR is a ubiquitously expressed serine-threonine kinase involved in the regulation of both transcriptional and translational processes in mammalian cells. 31 Specifically, PKR has been shown to participate in JNK and p38 activation by dsRNA in primary murine embryonic fibroblasts (MEFs), 31 as well as in response to multiple receptorgated signals such as IFN-g, 22 IL-1b, 20 and TNF-a. 21 However, a direct requirement for PKR appears to be lost in immortalized cell lines derived from MEFs. 31, 32 Furthermore, it has been shown that receptor-independent stress stimuli such as anisomycin fail to exhibit that same requirement for PKR in the activation of SAPKs. 32 Thus, the extent to which PKR may be required for activation of JNK and/or p38 appears to be highly dependent upon the stimulus, 31 suggesting that the involvement of PKR in the transduction of cellular stress signals is decidedly context-dependent. Examinations of these systems in lethal signaling, therefore, must be considered with respect to both stimulus and cell type. Additional investigation will be necessary to resolve the relative importance of SAPK and PKR in cellular apoptotic commitment processes. These studies are currently underway in our laboratory.
